ABSTRACT The dietary reference intakes (DRIs) established an acceptable macronutrient distribution range (AMDR); however, few studies have evaluated differences in metabolic regulations across the DRI range. This study examined differences in glycemic regulations associated with specific ratios of carbohydrate and protein. Male rats (;200 g) were fed either a high-carbohydrate diet (CHO group: 60% of energy as carbohydrates, 12% protein, 28% fat) or a reduced-carbohydrate diet [PRO (protein) group: 42% carbohydrates, 30% protein, 28% fat]. Rats consumed 3 meals/d with energy distributed as 16, 42, and 42%. On d 25, blood and tissues were obtained after 12 h of food deprivation and at 30 and 90 min after the first meal. Before the meal, the CHO group had lower plasma glucose and insulin, reduced liver glycogen, lower expression of hepatic phosphoenolpyruvate carboxylase (PEPCK), and increased fatty acid synthase (FAS) in adipose tissue. After the meal, the CHO group had greater increases in plasma glucose and insulin, producing increased skeletal muscle phosphatidylinositol 3-kinase (PI3-kinase) activity, glucose uptake, and glycogen content, and increased adipose PI3-kinase activity, glucose uptake, and FAS. In contrast, the PRO group had limited postprandial changes in plasma glucose and insulin with reduced muscle PI3-kinase activity and glucose uptake, and no postprandial changes in adipose PI3-kinase activity or FAS. This study demonstrates that changes in carbohydrate and protein intakes within the AMDR produce fundamental shifts in glycemic regulation from high-CHO diets that require insulin-mediated peripheral glucose disposal to high-PRO diets that increase hepatic regulation of glucose appearance into the blood.
Stability of blood glucose is a critical factor in lifelong health (1) , yet abnormalities in glycemic control are increasingly common in adults (2) and represent a central feature of many chronic diseases including type 2 diabetes (1), the metabolic syndrome (3, 4) , and obesity (5) . Glucose tolerance and insulin sensitivity can be improved with increased physical activity and reductions in body fat. Similarly, evidence is accumulating that diets with reduced carbohydrate:protein (CHO:PRO) ratios improve glycemic control (6) (7) (8) (9) (10) (11) (12) .
Blood glucose is maintained within a narrow physiologic range through a complex balance of dietary intake, de novo synthesis, glycogen storage and release, and insulin-dependent and noninsulin-dependent glucose uptake by tissues. Use of blood glucose as a fuel is relatively constant for tissues including brain, nervous system, RBC, and kidney. These tissues account for obligatory glucose usage (13) and form the basis for the current recommended dietary allowances (RDA) 4 for dietary carbohydrates (14). Other tissues, most notably skeletal muscle, utilize a mixture of fuels (carbohydrates, lipids, and protein) determined by physiological conditions and substrate availability. Glucose use by skeletal muscle is increased during highintensity exercise (15) ; during sedentary periods, increased carbohydrate intake suppresses fatty acid oxidation (16, 17) . Consumption of dietary glucose in excess of immediate energy needs requires storage as glycogen in liver or skeletal muscle or conversion into fat via endogenous fatty acid synthesis.
The dietary reference intakes (DRIs) for the macronutrients suggest an acceptable range for carbohydrates of 45-65% of energy intake with a minimum RDA of 130 g/d and for protein of 10-35% of energy intake with a minimum RDA of 0.8 g/kg (14) . Although the DRIs establish acceptable macronutrient distribution ranges (AMDR), few studies have evaluated differences in metabolic regulations when AMDR are applied to diets. We proposed that within DRI acceptable intakes, there is a fundamental shift in glycemic regulation ranging from insulin-mediated peripheral glucose disposal associated with high dietary carbohydrates to increased hepatic regulation of glucose appearance into the blood and reduced insulin action associated with a lower-carbohydrate/higher-protein diet (10, 18) . The importance of this repartitioning of carbohydrate metabolism on long-term glucose homeostasis is unknown.
We hypothesized that rats trained to consume food as meals would mimic the hormonal regulations and glycemic controls observed in humans and would be an appropriate model for evaluating physiological regulations of blood glucose. To explore the molecular mechanisms controlling the balance of hepatic vs. peripheral regulation of blood glucose, we utilized 2 dietary patterns that differ in macronutrient ratios of carbohydrate to protein (CHO:PRO) and represent the AMDR of the DRI recommendations (14). Our goal was to evaluate metabolic outcomes associated with ratios of CHO:PRO .4.0 and ,1.5.
MATERIALS AND METHODS
Experimental design. To characterize glycemic regulations associated with 2 dietary treatments, meal-fed adult rats were used to monitor metabolic changes during the transition from overnight food deprivation through the absorption period after a test meal. Rats were housed individually in a sedentary cage environment to minimize glucose use by skeletal muscle. Glycemic control was characterized with plasma measurements of glucose, insulin, glucagon, and corticosterone before and after the test meal. Liver glucose production was estimated using measurements of changes in plasma glucose specific activity, liver glycogen content, and phosphoenolpyruvate carboxylase (PEPCK) mRNA. Peripheral disposal of glucose was evaluated in skeletal muscle using phosphatidylinositol 3-kinase (PI3-kinase) activity as a marker of intracellular insulin signaling, and the rate of glucose uptake and muscle glycogen content as metabolic outcomes of glucose disposal. In adipose tissue, measurements included PI3-kinase activity to represent insulin signaling and glucose uptake and fatty acid synthase (FAS) mRNA as indices of glucose disposal.
Animals and diets. Male Sprague-Dawley rats (184 6 1.0 g; Harlan-Teklad) were maintained at 248C with a 12-h light:dark cycle and free access to water. Rats were fed diets equal in energy with macronutrient contents of 60% carbohydrate, 12% protein, 28% lipids (n 5 30; CHO) or 42% carbohydrate, 30% protein, 28% lipids (n 5 30; PRO; Table 1 ). The meal pattern consisted of a small (3-g) first meal of the day consumed between 0800 and 0815 followed by free access to diets from 1300 to 1400 and 1800 to 1900, representing a meal pattern designed to mimic human eating behavior (19) . After 25 d of feeding, rats were examined at 3 points: before the first meal (0800) and 30 min or 90 min after the meal. At the specific times, rats were killed and blood and tissue samples collected. Gastrocnemius, soleus, and plantaris muscles, epididymal fat pads and liver were excised and immediately frozen in liquid nitrogen for later analysis.
Plasma measurements. Plasma glucose was measured using a glucose oxidase kit (ThermoTrace). Commercial RIA kits were used to measure plasma insulin and glucagon (Linco Research) and plasma corticosterone (Diagnostic Products). Free fatty acids (FFA) were measured with an enzymatic colorimetric kit (Wako Chemicals). Plasma amino acids were analyzed by ion exchange with ninhydrin detection using a Beckman 6300 amino acid analyzer.
Glucose uptake. Plantaris muscles (;200 mg) and epididymal fat (;300 g) were used for determination of glucose uptake. Rats (n 5 10/ diet treatment) were administered an i.p. injection of 0.5 mCi 2-deoxy-D- [2, H]-glucose (Amersham Biosciences) 60 min before blood was collected. Measurements were made for time 0 (pre-meal) and 90 min (postmeal). The rate of glucose uptake was determined using intracellular concentrations of 2-deoxy-D- [2,6- 3 H]-glucose divided by plasma specific activity divided by 60 min for the incorporation time (20) . Relative change in glucose uptake was determined as the percentage of change from time 0 (fasted) to 90 min after the test meal.
Muscle and liver glycogen content. Muscle and liver glycogen content were measured by phenol-sulfuric acid colorimetric assay (21) .
PI3-kinase activity. Gastrocnemius muscles and epididymal fat pads were used to determine insulin receptor substrate 1-associated PI3-kinase activity as previously described (22) .
Determination of PEPCK. Hepatic PEPCK mRNA content was determined by RT-PCR. Trizol, oligo(deoxythymidine) primers, SuperScript III reverse transcriptase, Taq DNA polymerase, and cDNA primers were purchased from Invitrogen. Total RNA was extracted from ;100 mg frozen tissue using Trizol (Invitrogen) and first-strand cDNAs synthesized using SuperScript III reverse transcriptase and oligo(deoxythymidine) primers. The reverse transcription product (5 mL) was amplified by PCR using Taq DNA polymerase and PEPCK specific primers (sense: 59-AGCCTCGACAGCCTGCCCCAGG-39, antisense: 59-CCAGTTGTTGACCAAAGGCTTTT-39) with 18S ribosomal RNA as an internal control. The RT-PCR product was analyzed via densitometry (Kodak Image Software).
Determination of FAS. Adipose and liver FAS mRNA was determined by real-time RT-PCR (23). Briefly, total RNA was extracted from ;100 mg frozen adipose tissue and ;50 mg frozen liver tissue by the Trizol method. First-strand cDNAs were synthesized using random hexamers. Quantitative RT-PCR with SYBR Green fluorescence dye (Applied Biosystems) was performed with FASspecific primers (sense: 59-TCGGCGAGTCTATGCCACTATT-39, antisense: 59-ACAGAGAACGGATGAGTTGT TCCT-39) with 18S ribosomal RNA as an internal control. Primers were purchased from MWG Biotech.
Statistical analysis. Results are expressed as means 6 SEM. Significance between treatment groups for all measurements was determined by 2-way ANOVA (SAS Institute) unless stated otherwise. If a significant effect was found, subsequent post hoc analyses were done using Student's t test. Differences with P-values , 0.05 were considered significant. Plasma glucose, specific activity, glycogen levels, plasma FFA, and PEPCK and FAS expression were evaluated using 2 3 3 repeated-measures ANOVA with the main effects of time and diet 3 time. Plasma hormones and PI3-kinase activity were evaluated as between-diet differences at each time point.
RESULTS
Food intake and body weight. Daily food intake and daily weight gain did not differ between rats administered the 2 dietary treatments ( Table 2) . However, the PRO group had 3% higher final body weights (P , 0.05) than the CHO group. In addition, the PRO group had greater soleus, plantaris, and gastrocnemius muscle weights than the CHO group (P , 0.05), whereas adipose tissue weights did not differ between the groups. Glucose, fatty acids, and amino acids. Premeal plasma glucose was 10% higher in the PRO group compared with the CHO group (P , 0.05; Table 3 ). In response to the test meals, plasma glucose increased in the CHO group by 26% (P , 0.05) with no change in the PRO group (P . 0.1), producing a higher blood glucose concentration (P , 0.05) in the CHO group 90 min after the meal. These results are similar to blood glucose concentrations in humans consuming diets with the same macronutrient ratios (10).
After overnight food deprivation, liver glycogen concentration was lower in the CHO group than in the PRO group (P , 0.05; Table 3 ). Liver glycogen increased in the CHO group at 30 and 90 min after the meal, but did not change in the PRO group. These data indicate that the PRO group had minimal changes in liver glycogen during short-term food deprivation or postmeal periods, whereas the CHO group utilized liver glycogen to maintain blood glucose during the overnight period with recovery of liver glycogen after the meal.
The CHO group maintained the 17% higher skeletal muscle glycogen concentration (P , 0.05; Table 3 ) during the overnight period compared with the PRO group. Muscle glycogen concentrations increased for both treatment groups after the meal.
Plasma FFA concentrations were higher (P , 0.05) in the PRO group at 0 and 90 min compared with the CHO group (Table 3 ). Both treatment groups had decreased plasma FFA concentrations after the meal.
Plasma essential amino acid concentrations (S EAA) were higher in the PRO group after 12 h of food deprivation and after the test meal ( Table 4 ). Individual amino acids followed this general pattern with branched-chain amino acid (BCAA) concentrations higher in the PRO group at both time points (P , 0.05). The dispensable amino acids, alanine and glutamine, were lower in the PRO group at both time points (P , 0.05).
Hormones. Premeal plasma insulin concentrations were lower in the CHO group (P , 0.05; Fig. 1A) , consistent with the lower plasma glucose concentration in this group. After the test meals, both groups exhibited increases in plasma insulin; thus, the insulin concentrations at 30 or 90 min did not differ between the treatment groups. Although postprandial insulin concentrations were similar, the insulin response to the respective treatments differed. The CHO group had a 4-fold increase in plasma insulin levels from 0 to 30 min, whereas plasma insulin concentration doubled in the PRO group at 30 min after the meal. Further, the response to the meal was disproportionate to carbohydrate intake. The PRO group were Premeal plasma glucagon concentrations were lower in the CHO group than in the PRO group (P , 0.05). After the test meal, the PRO group exhibited a glucagon response at 30 min that remained elevated at 90 min compared with the CHO group. The CHO group had no glucagon response to the meal (Fig. 1B) .
The insulin:glucagon (I:G) ratio had no treatment 3 time changes (P . 0.1) for the PRO group during the transition from premeal to postprandial periods, whereas the CHO group had large postprandial changes in the I:G ratio (Fig. 1C) .
Premeal plasma corticosterone concentrations did not differ between the 2 dietary treatments (Fig. 1D) . The postprandial corticosterone concentrations tended to increase at 30 min (P , 0.078); however, the corticosterone concentration decreased (P , 0.05) for the CHO group at 90 min. In examining the overall hormone changes, the CHO group exhibited large insulin responses to the meal with reductions in corticosterone and stable glucagon, whereas the PRO group exhibited minimal changes in insulin and the I:G ratio with a trend toward increasing corticosterone after the meal.
PI3-kinase activity. PI3-kinase activity in skeletal muscle was lower in the CHO group after food deprivation compared with the PRO group ( Fig. 2A) . Similar to changes in insulin and the I:G ratio, the CHO group had increased PI3-kinase activity after the meal that returned to premeal levels by 90 min. The PRO group had no significant postmeal changes in PI3-kinase activity.
Adipose PI3-kinase levels were not different in the PRO and CHO treatment groups after overnight food deprivation (Fig.  2B) . Similar to muscle PI3-kinase activity, the PRO group had minimal change in adipose PI3-kinase levels in response to the meal. However, adipose PI3-kinase activity increased by .50% in the CHO group at 30 min and 100% at 90 min after the test meal. Adipose PI3-kinase activity was significantly greater for the CHO group than the PRO group at both 30 and 90 min.
Glycemic regulations. Differences in plasma glucose specific activities (Table 3 ) reflect dilution of the injected dose of 3 H-deoxyglucose by differential rates of glucose appearance from the liver. After overnight food deprivation, the PRO group had lower specific activity (P , 0.05) compared with the CHO group. Lower specific activity reflects greater dilution of the isotope by glucose derived from either glycogen breakdown or synthesis via GNG. These data suggest that the PRO group maintains higher fasting blood glucose at least in part due to a higher rate of glucose release from the liver.
After the test meals, glucose specific activity declined ;60% in the CHO group and 30% in the PRO group, reflecting the increased appearance of nonlabeled glucose from the meal. Specific activities did not differ between treatment groups at 90 min. These results demonstrate a diet 3 time interaction, with the CHO group exhibiting a disproportion response to the meal carbohydrate load.
Capacity for liver gluconeogenesis (GNG) was estimated as the expression of PEPCK mRNA. After 12 h of food deprivation, PEPCK expression was higher in livers of the PRO group compared with the CHO group (P , 0.05). After the test meal, PEPCK mRNA abundance did not change in the PRO group, whereas PEPCK mRNA decreased in the CHO group. At 90 min after the test meal, PEPCK expression in the CHO group was less than one-half that of the PRO group (P , 0.05; Table 5 ).
Glucose uptake into muscle and adipose tissue was measured to evaluate changes in peripheral glucose disposal and a physiologic outcome associated with insulin and PI3-kinase activity. Before the test meals, glucose uptake in skeletal muscle did not differ between the PRO and CHO groups [88.9 6 31.1 vs 53.1 6 12.3 nmol/(g tissueÁmin), P . 0.1]. After the meals, both treatment groups increased glucose uptake into skeletal muscle. However, the increase in glucose uptake was greater for the CHO group (Fig. 3) . The glucose uptake is consistent with greater changes in insulin concentration and PI3-kinase activity in this group. Although glucose uptake into muscle was greater for the CHO group, the relative change in tissue glycogen concentration was similar for the PRO and CHO groups (Table 3) .
In adipose tissue, glucose uptake was greater in the PRO group before the meal [33.8 6 9.2 vs 15.0 6 3.3 nmol/ (g tissueÁmin), P , 0.05]. After the meal, the CHO group had a significant increase in glucose uptake 90 min after the meal, consistent with changes in PI3-kinase activation. The change in glucose uptake after the meal in the CHO group was ;3 times that in the PRO group (Fig. 3) . Values are means 6 SEM, n ¼ 6. Means in a row without a common superscript letter differ, P , 0.05.
2 After 12 h of food deprivation. 3 Samples collected 90 min after rats consumed the 3-g test meal. 4 
Fatty acid synthase (FAS).
Changes in hepatic and peripheral fatty acid synthesis were estimated as FAS mRNA abundance. Liver FAS did not differ between the groups, but adipose FAS was higher in the CHO group (Table 5) .
DISCUSSION
The stability of blood glucose requires balance between hepatic glucose release and peripheral glucose disposal. The liver regulates the rate of glucose appearance into the blood by balancing absorption of exogenous dietary glucose with endogenous production of glucose from GNG and glycogen breakdown (24) (25) (26) (27) . The use of blood glucose by peripheral tissues occurs through insulin-dependent and insulin-independent transporters (28, 29) . The goal of this study was to evaluate differences in these metabolic regulations associated with macronutrient CHO:PRO ratios representing the AMDR of the DRIs. Results from this study support the hypothesis that dietary macronutrient changes within the DRI guidelines produce fundamental shifts in glycemic regulation from highcarbohydrate diets that rely on insulin-mediated peripheral glucose disposal to reduced-carbohydrate diets that rely to a greater extent on hepatic regulation of glucose appearance into the blood.
The 2 treatment groups were each fed 3 meals/d with diets equal in total energy, lipids, and fiber. Diets differed only in the CHO:PRO ratios. The CHO group consumed a diet with energy provided as 60% CHO, 12% PRO, and 28% lipids, whereas the PRO group consumed a diet with 42% CHO, 30% PRO, and 28% lipids. The meal protocol was used to mimic the chronic fed and fasting metabolic patterns of human diets.
Comparing the 2 groups at 0800 before the first meal, the CHO group had lower plasma glucose concentration and higher glucose specific activity. The higher specific activity suggests a lower rate of release of unlabeled glucose from the liver. Supporting the findings of lower hepatic glucose release, the CHO group had reduced liver glycogen concentration, reflecting depletion of glycogen stores and lower expression of hepatic PEPCK consistent with downregulation of GNG. The CHO group also had reduced levels of plasma insulin and reduced glucose uptake into adipose tissue and skeletal muscle, Contrary to this metabolic pattern, the PRO group had higher plasma glucose concentration, lower glucose specific activity (i.e., increased glucose release), higher liver glycogen concentration, and increased levels of PEPCK mRNA before the test meal. These findings are consistent with increased hepatic glucose production. The PRO group also had increased plasma insulin concentration and increased glucose uptake into adipose and skeletal muscle during the period of food deprivation.
The current study is in agreement with the findings of Rossetti et al. (30) , who reported that rats fed a diet containing 60% CHO, 18% PRO, and 22% lipids had lower fasting blood glucose and insulin concentrations followed by higher postprandial glucose and insulin concentrations than rats fed a lowcarbohydrate, higher-protein diet (43% CHO, 35% PRO, 22% lipids). These investigators also measured glucose flux and found that rats that consumed the low-protein diet had a reduced rate of hepatic glucose production compared with those fed the higher-protein diet. Further, Peret et al. (31) reported that PEPCK activity decreases as the concentration of carbohydrates in the diet increases and protein decreases.
After the test meal, rats in the CHO group increased plasma glucose and insulin and liver glycogen concentration. Skeletal muscle responded to the meal with a rapid increase in PI3-kinase signaling activity accompanied by increased glucose uptake and increased muscle glycogen. Adipose tissue responded to the meal by increasing PI3-kinase activity; however the pattern of increase was unlike that in skeletal muscle. Muscle PI3-kinase activity changed in parallel with changes in plasma insulin concentrations with a peak at ;30 min after the meal, whereas adipose PI3-kinase activity exhibited a delayed response with activity still increasing at 90 min after the meal. Associated with increased PI3-kinase activity, adipose tissue had a 5-fold increase in glucose uptake. Adipose tissue also exhibited a significant increase in the expression of FAS in rats fed the high-CHO diet. Taken together, these data suggest that adipose tissue disposes of dietary carbohydrates that exceed the amount used by skeletal muscle.
Similarly, Kabir et al. (32) found that feeding rats a high glycemic index starch diet resulted in lower hepatic PEPCK mRNA and increased FAS mRNA in both normal and diabetic rats compared with those fed a low glycemic index diet. These investigators proposed that the postprandial hyperinsulinemia associated with a high-CHO diet reduces the expression of PEPCK and stimulates FAS activity and lipogenesis.
The PRO group produced a more limited glycemic response to the test meal. Plasma insulin concentration increased after the meal but the magnitude was less than one-half of the change in the CHO group, and blood glucose concentration returned to premeal values by 90 min after the meal. Associated with the reduced insulin response, the I:G ratio did not change in the PRO group from the overnight fast through the postprandial period. Consistent with a reduced postprandial insulin response, skeletal muscle had minimal change in PI3-kinase activity. However, glucose uptake into muscle increased after the meal, and there was a postprandial increase in muscle glycogen content similar to that in the CHO group.
The reduced peripheral insulin response of the PRO group to the test meal is explained in part by the lower carbohydrate content of the meal. However the magnitude of the metabolic response appears to be disproportionate to the differences in dietary carbohydrates. Specifically, the test meal for the CHO group contained ;40% more carbohydrates (1.8 vs. 1.3 g), whereas the insulin response at 30 min was .2-fold higher, and PI3-kinase activity in muscle and adipose tissue was unchanged 4 Samples collected 30 and 90 min after rats consumed a 3-g test meal. from the premeal baseline with the lower CHO test meal. In total, rats in the PRO group maintained glycemic control with a greater emphasis on hepatic regulations and less emphasis on postprandial insulin response to dispose of dietary glucose.
Plasma BCAA were higher in the PRO group before the test meal; however, the PRO group had lower concentrations of alanine and glutamine, which are produced largely in skeletal muscle associated with degradation of the BCAA and serve as substrates for GNG (18) . Because of the lower protein intake in the CHO group, higher concentrations of alanine and glutamine appear inconsistent. However, an alternative explanation is the downregulation of GNG noted in this study (i.e., reduced PEPCK expression) and by others (30, 31) may reduce clearance of alanine and glutamine. These findings are similar to previous reports from human weight loss studies (10, 18) .
This study demonstrates dramatic differences in metabolic regulations and outcomes associated with the DRI AMDR (14). In the present study with ratios of carbohydrates:protein at 5.0 or 1.4, both treatment groups were able to maintain normal glycemic control based on observed values for glucose and insulin. However, the high-CHO diet group required a highly responsive endocrine system to modulate the large swings in glucose metabolism from the food-deprived to fed periods. This regulation results in downregulation of endogenous glucose synthesis via GNG with increased emphasis on peripheral disposal of dietary carbohydrates in skeletal muscle and adipose tissue. Rats consuming a reduced CHO diet with increased protein reflect minimal diurnal variations in blood glucose or endocrine regulations, emphasize endogenous glucose production via GNG, and minimize the need for postprandial glucose clearance by adipose tissue. The longterm implications of these dietary patterns for glycemic control and adult health warrant evaluation.
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